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ABSTRACT

We propose to measure the polarization response of 3?17?(6,e’n) in the quasielastic
region to extract the neutron electric to magnetic form factor ratio (G /G ) with
CLAS. We present a plan to adapt existing techniques for polarizing helium by alkali
spin exchange for use in the CLAS. The anticipated precision in the ratio corresponds
to an uncertainty of 0.002 in G at low momentum transfer, and approximately 0.010
at 3 GeV/c? (in four-momentum bins of AQ = 0.2 GeV/c).



1. Introduction

The neutron electric formn factor has been the subject of considerable theoretical
and experimental investigation. Because the main component of the nucleon wave
function is symmetric, the structure is directly sensitive to small admixtures in the wave
function due to color magnetic forces"'! or higher order diagrams in QCD. While the
neutron charge radius has been measured by scattering free neutrons from electrons,
higher momentuin transfer measurements must be performed using lepton beamis on
neutrons bound in nuclei. Deuterium and 3He are the natural choices. Due to the
fundamental importance of neutron properties and the possibility of form factor medium
modifications due to binding, measurements from neutrons in both of these nuclei should
be performed.

Precision measurements of the deuteron electric forin factor have been analyzed in
the context of wave functions derived from non-relativistic potential models®?® provid-
ing a best fit with a positive value of the form factor, ¢G%& around 0.04 in the vicinity
of 1.0 GeV/c?. A Rosenbluth separation of quasielastic electron scattering from deu-
terium performed recently gave values of (G%)? consistent with zero. The error bars

were also consistent with most credible theories.

Polarization observables enhance the sensitivity to small cowponents of nucleon
structure. Polarized 3He provides, to a good approximation, a target of highly po-
lavized neutrons witl: an almost unpolarized proton background. Coincidence (€,¢'n)
measurements can be used to identify the struck nucleon as a neutron, and remove the
proton background. The formalism of electron scattering from free neutrons is presented
in Chapter 2.

We propose to measure the polarization response of sﬁ(é,e’n) in the quasielastic
region. The primary goal of this wmeasurcment is to extract the ratio of the neutron
clectric to magnetic form factor. Measuring the complete angular distribution of the
asymmetry provides a measurement of the ratio of Gg /Gy that is insensitive to the
polarization of the beam and target, even insensitive to the fractional polarization of
the neutron in the *He wave function. We propose to measure the angular distribution
of the asymmetry for two different beam energies, 1.6 GeV and 3.2 GeV with target
angle choices of 40° and 70° that optimize the sensitivity at low momentum transfer
and high momentum transfer respectively.

We intend to fabricate a high pressure, polarized He target based on the alkali spin
exchange technique already in use at scveral luhoratories, adapted for use in the CLAS.
The most significant new features of our target are the cylindrical holding field magnet



and a Meller sweeping mini-toroid with low field gradients. Retaining the minitoroid
and region one drift chambers allows use of the full luminosity capability of CLAS, and
essentially the full resolution capability. The details of the target and its integration in
CLAS are presented in Chapter 3.

In Chapter 4 we present the selected kinematics of the quasielastic 3_['—1-:3((:2“,8’11)
measurements and calculate the counting rates and asymmetries. We explore the
possible contamination of the quasielastic process by A production and nonresonint
processes. Finally we estimate the statistical and systematic precision of the extracted
ratio of G%/G%, (translated into an uncertainty in G&). We request two weeks for
each of the kinemastics choices, and one day each for nitrogen subtraction, bringing our
total request to 30 days.

2. Quasielastic scattering from a polarized 3He target

The cross section for the inclusive scattering of longitudinally polarized electrons

from a polarized target is*”!

do

dQdw

where 87 and ¢™ is the spin direction of the target relative to the momentum transfer

=T+ A67,¢7)

7 vector and the plane of the electron scattering. The & corresponds to the helicity of
the incident electron. The spin independent terms are:

Y= 47.'0’1\,[[.’..‘LRL + UTRT]
and the spin dependent termns are:
A = —4roncos 8 v R + 2sinf” cos ¢ vr Ry

where the response functions depend on the invariant electron variables of momentum
] . .

transfer (2° and energy transfer «. For the specific case of electrons scattering from

polarized (free) neutrons, the spin independent and dependent parts are written:

2

= dromlvr(t + 1) (GE) + 27(1 + Tz (G )’
A = —drop[2r(1+7)vr cos 87 (G ) +2(1+ 70V 27 (1 + T)vp - sin8” cos "GRG R

A measurement with the momentum transfer § direction parallel to the target spin
maximizes sensitivity to R%., while a measurement with ¢ perpendicular to the target



spin accesses the response function R 1, proportional to G%. It is, however, not the

case that the asymmetry is separately sensitive to the magnetic and electric form factors
at the different orientations. It can be shown that the asymmetry (A/T) is sensitive
only to the ratio of G g/Gar by dividing A by ¥ and factoring out the common (G}, )?
The asymmetry is revealed as a function of a single physical quantity, G /G%, and

kinematic factors. Setting 8 = G /G, gives

A 2rvepicosfT + 2\/2T(1 + ror L sind” cos¢™ 3
x vp(l 4+ 7)3% + 2roy

Neglecting (for demonstration purposes) the term proportional to 32, we get:
Acxp = PePulk1cos8™ + kasind” cos¢™ )

where pe and p,, are the electron and neutron polarizations and &y and ko ave trivial

kinematic factors.

The angular distribution of the asymmetry in the region with the ¢ direction per-
pendicular to the target spin provides a good measure of G&/G%,. Location of the
kinematics where the asymmetry vanishes, for example, provides maximal sensitivity
to G /G, but with no sensitivity to the beam and target polarization’ Conversely

E AS o (=] l o
the dominant term in the parallel asymmetry depends on kinematic factors and the
beam and target polarization, providing a continuous polarization monitor. Qur choice

of target angles emphasizes determination of the zero asvmmetry kincinatic region.

3. Experimental Details
3.1 TARGET

The target technology we have sclected for this measurement has been developed
over the past 8-10 years by Tim Chupp™ and collaborators, and used in several mea-
surements at scveral laboratories. The high density offered by this technology provides
the maximum CLAS luminosity at low beam currents, as well as reducing greatly the
sensitivity of the polarization to magnetic field gradients. Consequently it is the most
appropriate and conservative target choice. Integration of this target into the CLAS is
nevertheless a complex issue. We will discuss below several of our considerations.



The ®He target is pressurized to 10 atmospheres of helium, or 2.7x102°%/cin® over
a length of 15 cm, for a total thickness of 20 mg/em? or 4x10%! /em?2. An equal areal
thickness 1s in each beam window, assumed to be 90 pm Corning 1720 glass. A heam
current of 30 nA will provide a luminosity of 31032 electron-nucieon/cm?sec on helium
or 1x10%* electron-nucleon/cm®sec on the entirve target, including windows. Since the
target walls and the holding field magnet provide some shielding of the wire chambers,

this luminosity 15 within CLAS design goals.

The *He target is polarized by optically pumping an alkali meta! vapor (rubidium)
which spin exchanges with helium. Circularly polarized light of 795 nm can be absorbed
by s-shell electrons with the opposite spin, promoting them to the p-shell. Subsequent
collisions with helium and nitrogen mix the p-shell polarization and promote nonradia-
tive decays to the ground state, with equal probability for each spin state. The depletion
of one spin state leads to accumulation of rubidium atomic polarization. Polarization iy
transferred to helium nuclei through the hyperfine interaction during collisions.

The design uses two cells, a pumping cell and a target cell. The puping cell is
maintained at elevated temperature, acjusted to coutrol the rubidium vapor pressure.
It is located 3 cmn off-axis. It must be fully illuminated to maximize the polarization.
The target cell is held at a lower temperature to assure that the rubidium plates out
on the transfer capillary and does not enter the target cell. (Fig. 1) Target polarization
is measured by adiabatic fast passage nuclear magnetic resonance. It is also extracted
continuously from the scattering asymmetries.

Coincicdence quasielastic scattering from neutrons in 100 torr of nitrogen contrilutes
a 14% dilution over the volume of the cell. Coincidences from scattering off of neutrons
in the glass windows can be eliminated by electron track reconstruction. Scattering from
nitrogen is measured with an equivalent target of the same geometry (with additional
nitrogen) and subtracted. While remaining uncertainties in this dilution contribute to
uincertainties in the cross section, they do not contribute to uncertainties in the extracted
ratio of electric to magnetic form factor. We continue seeking design possibilities that
reduce the window and nitrogen thickness.

3.2 MAGNETIC FIELDS

A new magnet design is used to cdefine the quantization axis. Two independent coils
are wrapped around a watermelon-shaped shell 30 cm dianteter and 30 ¢m long. The
first coil of aluminum wire is wound like a solenoid to provide a uniform axial field. A
dipolar coil wound in a cosine-theta configuration will provide a uniform field along an
axis perpendicular to the beam. By adjusting the current in these two windings, an
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Fig. 1 The alkali spin exchange helium target integrated in the CLAS. The minitoroid coll
with its gradient canceling loops, the watermelon holding field magnet, and the two-cell target
are indicated. Granularity in surfaces of revolution are an artifact of the drawing program.



arbitrary spin quantization direction can be achieved.

While the goal is to immerse the entire target in a single uniform magnetic ficld, the
magnetic field homogeneity is subject to two distinct constraints. As the Lelinm ditfises
thronghout the target volume it samples the maguetic field in different regions. Spatial
vintations of the field appear locally to a moving helinm atom as tine variations, leading
to spin relaxation. The relaxation rate is half the diffnsion velocity (D=0.5 cm?/sce)
wultiplied by the fractional change in magnetic field per unit length.

1 (VBT)Q
FB = ._D 3
2 B3

A uniformity of one half percent per centimeter is required to contribute less than 50
. . -1
howurs to the relaxation time (g7 ).

The precision of the data, in particular determination of the asymmetry distribution
aroutud the point of zero asyimnetry, can be determined with a precision no greater than
the knowledge of the quantization axis. This requires that the magnetic field along the
beam be uniform and precisely known. This source of systeruatic uncertainty will he
rediced to 4 mrad with a magnet uniformity of one percent. This is the overall desien

specification for onr holding field magnet.

Each coil will be wound with approximately 0.5 mum aluminum wire. The solenoid
will have two wrapping layers, while the cosine-theta coil will be accomplished by
varying the number of lavers from 1 to 4. The total thickness of the conductors is
approximately 3 mm. A plastic sheath encloses the water cooling jacket. Scattered
clectrons aud ejected particles pass through the glass walls of the target cell. the
aluminum conductors, water jacket and sheath on their path to the region one drift
chambers. This additional multiple scattering limits the trajectory reconstruaction of
low momentum charged particles, but contributes only 2 mr to electrons at 1 GeV /e,
The inflrence on momentum reconstruction is minimal.

[ir addition to the continuous measure of polarization provided by scattering events,
the target polarization will he independently measnred by adiabatic fast passage nuclear
magnetic resonance. This also allows {or fast reversal of the spin. The primary field
(By) is provided by the coils in the watermelon magnet. We intend to include the drive
coils (B1) in the watermelon magnet as well. Their winding configuration is identical
to the primary winding, a solenoid and a cosine-theta coil, providing fielels in the same
plane (also containing the beam). If they are driven in phase and adjusted at the correct
proportion, they produce an oscillating ticld perpendicular to the primary field. The



pickup coils will be small Helmholtz windings located against the puwmping cell. and
perpendicuiar to the plane containing the beam and the spin direction. (Note that a
conventional drive coil could also be used, with the drawback that is fixes the target

angle, and introduces an obstruction.)

Magnetic Field at 60 deg

Bphi (Gauss)

0 0.04 0.08 0.12
radius (m)

Fig. 2. Azimuthal component of magnetic field at the midplane between coils as a function

of radius from the standard target position. Nominal flelds rise as the fifth power of the ralins.
These fields can be canceled by a current. in closer proximity flowing in the opposite direction.

This new watermelon magnet does not physically interfere with using the normal
configuration of a Mgller sweeping minitornid and the region one drift chamber. (Note
that the conventional CLAS first and second level triggers, as well as the standard
acquisition and analysis software can also be used without modification.) However,
carcful attention must be paid to the minitoroid’s magnetic field. The minitoroid sweeps
Moller electrons from the wire chamber with approximately 200 kA-turns producing 0.1
Tesla fields. These fields leak into the tarz t region leading to off-axis fields that increase
as the fifth power of the radius. While these contributions would not effect the precision



of the field at the beam axis, they would reduce the relaxation time. The feld B,
reaches 2 gauss at 5 cm, the location of the pumping cell, and rises to 20 gauss at § em
(for a nominal coil shape). Increasing the inner diameter of the minitoroid a factor of
two (from 17 cm to 34 cm) would reduce these fields by a factor of 32, but eliminate
the effectiveness of the Mpller sweeping. Instead, the outer windings of the minitoroid
can be used for the sweeping field, and the innermost winding be used to contain the
leakage fields and cancel the gradients. Approximately 10% of the total current flowing
i the opposite direction on the inner winding cancels the gradients (Fig. 2). To achieve
the design magnetic field uniformity, this cancellation must be accomplished with an
accuracy of 10%. By shimming the spacing between the main loops and the canceling
loop the cancellation can be exact. We intend either to influence the design of the
minitoroid, or fabricate one meeting our requirements.

Attached to the inner swrface of the minitoroid will be one additional conchictor.
capable of carrying one percent of the total minitoroid current. Six independent power

supplies will allow trimming the field for individual coil misplacements.

4. Plan for measurement of Gt /G%,

We describe our plans to measure quasielastic *Hefe,e’n) to determine the ratio
of the neutron electric to magnetic form factor. We choose the coincidence reaction
rather than inclusive scattering for the following reasons. By detecting the neutron, we
identify the struck nucleon as a neutron, removing the dilution of the asvmmetry by
scattering from (mostly) unpolarized protons. The enhancement of the asymmetry by
a factor of ten improves the statistical figure of merit of the experinient by two orders
of magnitude. Larger asymmetries are also less prone to systematic uncertainties. This
target technology is less susceptible to depolarization from magnetic field gradients due
to its very slow diffusion rates, making it more suited to use inside CLAS. The high
density of the target allows beam currents below 30 nA, minimizing depolarization due
to tonization and beam magunetic fields. In summary, the conditions for operating this
polarized target in CLAS will be very close to the standard operating conditions for
electron scattering.

Neutron detection is perforined by the electromagnetic calorimeters with efficiency
of approximately 40%. A pulse above threshold is required in two crossed elements to
localize the point of impact. The forward calorimeters will cover the higher momentum
transfer events, while the large angle calorimeter will provide sensitivity to low momen-
tum transfer events. Additionally, neutron measurements of higher precision in energy
and coordinates will be provided by the tine-of-fight scintillation detectors.
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Fig. 3 Quasielastic (e,e'n) events at Q?=2.0 GeV/c? are mixed among the electron kinematics
with events from other reaction processes. Most of these events have large neutron angles relative
to the momentum transfer.

10



Theoretical uncertainties, for example two body currents and final state interactions,
couid limit the precision of the extraction of the neutron electric form factor. Laget has
calculated® these effects and found them to be negligible above Q2 > (.3 (GeV/c)>.
Neutrons bound in a nucleus could be subject to form factor modifications of unknown
origin. Due to good spatial resolution of the calorimeters, however, we can study the
dependence of the extracted neutron form factor on transverse initial momentum. We
can also look for variations in the extracted form factor on z = Q% /2mew.
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Fig. 4. By pecforming cuts on the neutron angle, most of the quasielastic events can be
cleanly separated. Cuts on both electron and neutron kizematics provide the best flter.

At the highest momentumn transfers the A production peak and the quasielastic
peak merge. Missing energy resolution is not sufficient to discriminate against pion
production. Simulations of the contamination of the (e,e’n) quasielastic have been
performed taking into account phenomenological descriptions for the quasielastic, A,
higher resonances, and nonresonant background. As the momentum transfer increases

Il



from 0.5 to 3 GeV/c? the contamination of the quasielastic process becomes more
significant, particularly on the high energy loss side of the quasielastic peak. Selecting
neutrons based on their angle relative to the momentum transfer, i.e. transverse initial
momentum, removes most of the other processes. (Figs. 3a,h) These cuts together with
cuts in the electron kinematics around x = 1.0 select quasielastic events. (Fig. 4)
Additional suppression of A events can be accomplished by removing events with 7°
photons. The effects of cuts have been included in the uncertainty estimates by reducing
the connts at intermediate momentum transfers by 20%, and 40% at the highest Q2.

4.1 ININEMATICS

The kinematic parameters that must be chosen for our measurement are the beam
energy and the target angle. The goal is to perform precise measurements of the form
factor ratio over as large a range of (2 as possible. No choice of beam encrgy and
target angle could provide optimal precision over the accessible range. Choosing two
beam energies, 1.6 and 3.2 GeV, provides essentiallv minimun uncertainties with a sinall
(but important) region of overlap. Target angles of 40° and 70° mninimize the estimated

uncertainty.
4.2 ESTIMATED RESULTS

In Figure & we show the expected asvmmetry for the 3.2 GeV kincmatics plotted
3 l ] 3 [
against laboratory polar and azimuthal angles of the momentum transfer 6, and ¢,
The relative angles 8* and ¢~ between ¢ and the target spin direction are superposed.
5 f) & ! per]
The target direction at 84 = 70° and ¢, = 0° is located at the top and borrom of the
graph. Measurements of G’% are extracted from events with ¢, of 180° near the center
of the graph where the asymmetry is small.

TABLE la
Counts and asvimmetries at Eg = 1.6 GeV and 87 = 40°
() Q3 counts  Aexp AA 94/0GE AGE Gt
0.4 0.16 4,880,000 0.021 0.0005 0.27 0.0018 0.029
0.6 0.36 1,790,000 0.009 0.0008 0.41 0.0018 0.044
0.8 0.64 011,000 -.020 0.0014 0.62 0.0023 0.050
1.0 1.0 130,000 -.066 0.0028 0.88 0.0032 0.049
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Fig. 5. Kinematics for the measurement at 3.2 GeV. The axes represent laboratory
kinematics while the thin contours outline polar and azimuthal angles relative to the targes

spin direction. The thick lines correspond to contours of the theoretical asyminetry,

TABLE 1b

Counts and asymmetries at Eg = 3.2 GeV and 7 = 70°
Q? counts Aexp AA 0A/OGE AGE
0.36 1,069,000 0.036 0.0010 0.18 0.0056
0.64 390,000 0.039 0.0016 0.32 0.0050
1.0 132,000 0.036 0.0027 0.54 0.0030
1.44 43,500 0.025 0.0048 0.87 0.0053
1.96 14,000 0.006 0.0084 1.3 0.0062
2.56 4,500  -.020 0.0149 1.9 0.0079
3.24 1,400  -.033 0.0265 2.5 0.0106
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We present counts, asymmetries, and uncertainties for each of two 14 day ruus in
Table la,b. Only events in one sector of CLAS, the sector with momentum transfer
approximately perpendicular to the target spin, were used in the estimates, and were
weighted with cos¢™ =1 (in plane). Azimuthal acceptance varied from 20% at 13° to
30% at 45° and neutron detection efficiency was 40%. The beam polarization was 753%
and target polarization was 40%. The estimation was performed for a luminosity of
1 x 1033 on a free neutron. While the quantity extracted from the measurements is
the ratio of G&/GYy, the uncertainties are represented as uncertainties in G’% {with
Gy = pnGp). Plots of G = 7Gp are shown in Figs. 6a,b with our estimates of
precision. Final precision is given by the results of the two runs added in quadrature.

4.3 FUTURE WORK

Two areas where development of the target could result in significant improveinent
in this measurement are rechrcing the window thickness and reducing or ehminating the
nitrogen quencher. We are pursuing possibilities in these areas. Corning 1720 glass has
given long relaxation times for previous targets, so the bulk of the cell will be made from
this material. If a proper joint could be formed, then the beam window could be made
from another material. A diamond disk 25 pm thick will support 10 atmosplieres over
a millimeter diameter hole with a good safety margin. The effective luminosity could
be tripled with this material. Note that this experiment 1s not limited by systematies,
so the precision of the extracted ratio of G&/G}, for a neutron bound in helium would
improve by T0%. We will explore grinding a flat surface into the glass to support the
diamotud. and boncding methods that preserve the lugh punty of the gases.

Of all the alkali metals and gas guenchers, nitrogen is known to play a special
role in quenching rubidium. Unfortunately nitrogen contributes to the scattering. We
are analyzing the possibility of using other gases, hydrogen, deuterium. and H-D in
particular. Another option would be to freeze out the nitrogen after polarizing the
target. While this would reduce the macro-duty-factor of the experiment {(one hour

8 ¥ 1
polarizing, one hour running), it may enhance the use of the target for simultancous

cross section and asymmetry measurements.

We are developing plans to make full use of all the data provided by this measure-
ment. The (e,e’p) asymmetries provide a measure of the proton S’ and D state wave
function. The resonance production data, especially the {e.e’7#~p) data, will be used to
extract multipole amplitudes. The A deformation extending to high momentum trans-
fer would be particularly interesting. We can also extract production amplitudes for the
higher mesons, non-strange and strange, from polarized neutrons.

14



GEn and uncertalnties
0.06 -

0.04 - GEn
GEn

0.02 A EO0=3.2 GeV

EO=1.06 GeV

Fig. 6 A model of G and the estimate of the experimental uncertainty for a 14 day run with
one sector of CLAS at incident beam energies of 1.6 and 3.2 GeV.
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